The function of voltage-gated chloride channels in neurons is essentially unknown. The voltage-gated chloride channel ClC-2 mediates a chloride current in pyramidal cells of the hippocampus. We directly show that ClC-2 assists chloride extrusion after high chloride load. Furthermore, the loss of this chloride channel leads to a dramatic increase of the input resistance of CA1 pyramidal cells, making these cells more excitable. Surprisingly, basal synaptic transmission, as judged from recordings of field EPSPs, was decreased. This difference was eliminated when GABAergic inhibition was blocked. Recordings from hippocampal interneurons revealed ClC-2-mediated currents in a subset of these cells. An observed increase in GABAergic inhibition could thus be explained by an increase in the excitability of interneurons, caused by the loss of ClC-2. Together, we suggest a dual role for ClC-2 in neurons, providing an additional efflux pathway for chloride and constituting a substantial part of the background conductance, which regulates excitability. In ClC-2 knock-out mice, an increased inhibition seemingly balances the hyperexcitability of the network and thereby prevents epilepsy.
Introduction
Aside from the ligand-gated GABA A receptors, voltage-gated chloride channels are expressed in the hippocampus (Jentsch et al., 2002) . In contrast to the well characterized GABA A receptors, the function of voltage-gated chloride channels in neurons is still primarily elusive. They have been suggested to be involved in regulating chloride homeostasis (Staley et al., 1996) , excitability (Madison et al., 1986) , and acidification of synaptic vesicles (Stobrawa et al., 2001) .
One of the voltage-gated chloride channels expressed in neurons is ClC-2. ClC-2 is an almost ubiquitously expressed chloride channel of the CLC family of chloride channels and transporters. ClC-2 is activated by negative membrane voltage, cell swelling, a rise in intracellular chloride concentration, or mild extracellular acidification Thiemann et al., 1992; Jordt and Jentsch, 1997; Zú ñiga et al., 2004) . The loss of ClC-2 in mice has profound effects leading to testicular and retinal degeneration . Recently, in aged knock-out (KO) animals, a spongiform vacuolation of the white matter in the CNS was reported, which might be related to defective oligodendrocyte function (Blanz et al., 2007) .
Although currents with properties similar to ClC-2 have been described in neurons (Chenoy-Marchais, 1982; Madison et al., 1986; Staley, 1994) , the molecular identity and the function of this current remains unclear. ClC-2 has been proposed to participate in lowering the cytoplasmic chloride concentration ([Cl Ϫ ] i ) of neurons (Staley, 1994; Staley et al., 1996; Ben-Ari, 2002) . Chloride extrusion is primarily mediated by the neuron-specific potassium chloride cotransporter 2 (KCC2); however, additional mechanisms might play an important role under conditions of high chloride load. The large conductance of ClC-2 makes it well suited for this purpose (Staley et al., 1996) . In addition, if this conductance is active at resting membrane potential, it should contribute to the membrane resistance (Madison et al., 1986) . Both actions are such that loss of ClC-2 should lead to increased neuronal excitability, which could cause diseases, such as epilepsy. However, the disruption of ClC-2 in mice did not entail epilepsy Nehrke et al., 2002; Blanz et al., 2007) . This has been controversial, because mutations in the gene encoding ClC-2 in humans have been linked to epilepsy (D'Agostino et al., 2004; Everett et al., 2007) .
Here we investigate the role of ClC-2 in hippocampal pyramidal cells. We found that ClC-2 mediates a chloride current, is involved in chloride extrusion, and constitutes a substantial part of the background conductance in hippocampal neurons. The loss of ClC-2 leads to a dramatic increase of the input resistance of CA1 pyramidal cells, thereby increasing excitability. Surprisingly, basal synaptic transmission decreased in field recordings, which was dependent on GABAergic inhibition. We show that a subset of interneurons display a characteristic ClC-2-mediated current. The loss of ClC-2 in interneurons leads to an increase of excitability of interneurons, resulting in an increased inhibition of principal neurons, thereby reducing overall network excitability. Our data suggest a dual role for ClC-2 in neurons, regulating excitability via the membrane resistance and providing an additional efflux pathway for chloride.
Materials and Methods
Mice. The generation of ClC-2 knock-out mice was described previously . Both male and female mice were used for all experiments.
Slice preparation. Animals were anesthetized with isoflurane (Baxter) and decapitated. Brains were removed quickly and chilled in carbogen (95% O 2 , 5% CO 2 ) gassed artificial CSF (ACSF) containing the following (in mM): 130.9 NaCl, 2.75 KCl, 1.43 MgSO 4 , 2.5 CaCl 2 , 1.1 NaH 2 PO 4 , 28.82 NaHCO 3 , and 11.1 D-glucose (osmolarity of 315-325 mOsm/L). Hippocampal slices (400 m) were cut either horizontally [postnatal day 1 (P1) to P8] or transversally (P9 -P20) with a vibratome (VT1200S; Leica). Before recording, slices were kept for 30 min at 32°C and subsequently stored at room temperature in ACSF continuously gassed with carbogen.
Electrophysiology. All recordings were performed using a Multiclamp 700B amplifier (Molecular Devices). Data were digitized using a Digidata 1322A (Molecular Devices). Pipettes (3-5 M⍀) were pulled from borosilicate glass (Science Products). Inputs from CA3 to CA1 were severed to prevent propagation of epileptiform activity. Liquid junction potentials were calculated with the liquid junction potential assistant of pClamp. Membrane potentials were corrected by 15 mV.
Extracellular recordings. Field EPSPs (fEPSPs) were recorded in the stratum radiatum of CA1 of P15-P20 mice. Recording and stimulation electrodes were filled with ASCF.
Whole-cell recordings. Whole-cell recordings were obtained from CA1 pyramidal cells or interneurons, which were visualized using differential interference contrast infrared video microscopy.
ClC-2 currents. Chloride currents were recorded with high chloride pipette solution containing the following (in mM): 90 CsCl, 20 Cs-gluconate, 8 NaCl, 2 MgCl 2 , 10 HEPES, 1 EGTA, and 2 QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium chloride] (Alomone Labs), pH 7.2 (290 mOsm/L). Extracellular recording solution contained the following (in mM): 70 NaCl, 2.5 KCl, 16 MgSO 4 , 26.2 NaHCO 3 , 11 glucose, 30 tetraethylammoniumchloride, and 10 CsCl [supplemented with 200 nM tetrodotoxin (TTX) to block action potentials (APs)]. In some recordings, 50 M ZD7288 (4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride) (Ascent Scientific) was added to block the hyperpolarizationactivated inward current (I h ). Interneurons were identified as such by their location, morphology, and post hoc biocytin staining. Recordings were not obtained from any specific type of interneuron. ClC-2 chloride currents were evoked by stepping the membrane potential from Ϫ10 to Ϫ120 mV for 4 s (see Fig. 1F ). ClC-2-mediated currents were calculated as the difference of the inward current at the beginning and the end of the voltage step.
Chloride transport. GABA-evoked chloride currents were recorded at the soma in response to pressure application of GABA (100 M) in ACSF to the apical dendrites 50 -100 m from the soma (5-15 ms, 5 psi) using a pneumatic drug ejector (NPI). Cells were clamped to Ϫ70 mV. Recordings were performed with a low chloride intracellular solution containing the following (in mM): 150 K-methylsulphonate, 4 KCl, 4 NaCl, 4 MgATP, 0.4 Mg GTP, and 10 HEPES. To estimate chloride transport, [Cl Ϫ ] i was transiently increased, and the rate at which [Cl Ϫ ] i returned to baseline was determined. For experimental protocol, also see Figure 2 . Charges of GABA-evoked currents were normalized to the absolute sum of the charges of the baseline and the first test pulse, because the rate of decay depends on the baseline charge and the effective loading, which is given by the first test pulse. To obtain time constants, curves were fitted with a monoexponential function.
Chloride accumulation. Recording conditions were the same as for chloride transport experiments. Trains of IPSCs were synaptically evoked by repetitive stimulation at different frequencies (0.5, 1, 2, and 5 Hz) with a monopolar stimulation electrode placed nearby the recorded pyramidal cell. The depression was calculated as the ratio of the 10th to the first evoked IPSC (eIPSC).
Excitatory synaptic transmission. Whole-cell patch recordings were obtained in ASCF supplemented with picrotoxin (PTX) (100 M) to block Figure 1 . Properties of ClC-2 currents in CA1 pyramidal cells. CA1 pyramidal cells show ClC-2-mediated currents. Currents were elicited by voltage steps of 4 s from a holding potential of Ϫ10 mV to values between 40 and Ϫ120 mV in steps of Ϫ20 mV, followed by a test pulse of ϩ40 mV for 1 s, as illustrated in F. A, The slowly developing inward current is not blocked by the specific I h inhibitor ZD7288. B, ClC-2 currents in CA1 pyramidal cells are activated by acid extracellular pH. C, Currents obtained in CA1 neurons show a lower permeability for iodide, which is typical for ClC chloride channels. D, Under the same recording conditions as in WT mice, no currents were elicited from Clcn2 Ϫ/Ϫ animals. E, Current-voltage plot of steady-state currents from WT (filled symbols) and KO (open symbols). F, Voltage step protocol used for evoking ClC-2 currents. Error bars represent SEM in all graphs. Note that symbol size might occlude error bars.
GABA A receptors. Glass electrodes were filled with an internal solution containing the following (in mM): 150 Cs-gluconate, 8 NaCl, 2 MgATP, 10 HEPES, 0.2 EGTA, 0.1 spermine, and 5 QX-314, pH 7.2. Ratios of AMPA to NMDA currents in CA1 pyramidal cells were obtained by evoking AMPA eEPSCs at Ϫ70 mV and NMDA eEPSC at ϩ40 mV, the current being taken 70 ms after stimulus. Paired-pulse facilitation was determined as the ratio of the AMPA EPSC of the second pulse to the AMPA EPSC of the first pulse with an interstimulus interval of 40 ms.
Miniature EPSCs (mEPSCs) were recorded at Ϫ70 mV in ACSF supplemented with of TTX (0.2 M), PTX (100 M), and trichiormethiazide (250 M) to increase mEPSC frequency.
Inhibitory synaptic transmission. IPSCs were recorded at Ϫ70 mV holding potential using a high chloride internal solution containing the following (in mM): 90 CsCl, 20 Cs-gluconate, 8 NaCl, 2 MgCl 2 , 10 HEPES, 1 EGTA, and 2 QX-314, pH 7.2 (290 mOsm/L). Spontaneous IPSCs (sIPSCs) were recorded in ASCF supplemented with NBQX (10 M) to block AMPA receptors. To isolate mIPSC, ACSF was additionally supplemented with TTX (0.2 M) to block action potentials. IPSCs were evoked with a stimulation electrode placed 100 m away from the soma of the recorded cell. The position of the stimulation electrode was adjusted such that the smallest stimulus (5 pA) elicited a current smaller than 40 pA. Pairedpulse ratio (PPR) was determined as the ratio of the IPSC amplitude of the second pulse to the IPSC amplitude of the first pulse with an interstimulus interval of 50 ms.
Current-clamp recordings. Pipette solutions contained the following (in mM): 150 K-methylsulphonate, 4 KCl, 4 NaCl, 4 MgATP, 0.4 Mg GTP, and 10 HEPES. AP threshold was determined using the first derivative of single APs. For input/output (I/O) functions, a series of EPSPs were evoked at various stimulus intensities covering a range from subthreshold to supramaximal. EPSP slopes were measured between 20 and 80% of the peak. I/O functions were generated by binning the EPSP slopes and plotting the bin center against the percentage of successful action potentials in the respective bin. Data was fitted with an asymmetric sigmoid function: Y ϭ (1/(1 ϩ exp((EC 50 ϩ (1/ Hill slope) * log((2ˆ(1/S)) Ϫ 1) Ϫ X ) * Hill slope))ˆS). The threshold, the EPSP slope that yields an AP 50% of the times, was defined as the EC 50 value of this fit (threshold). The gain was determined as the Hill slope.
Biocytin staining. For interneuron identification, intracellular solution was supplemented with biocytin (0.2%; Invitrogen). To morphologically characterize biocytin-filled neurons, slices were fixed in 4% paraformaldehyde, in 0.1 M PBS, pH 7.3, for at least 30 min at room temperature. After washing with PBS (three times for 10 min), endogenous peroxidase was blocked by 3% H 2 O 2 for 15 min. After additional washing with PBS (five times for 10 min), cell membranes were permeabilized in 0.4% Triton X-100 in 0.1 M PBS. Subsequently, slices were incubated with avidin and biotinylated horseradish peroxidase macromolecular complex (Vectastain ABC reagent; Vector Laboratories) overnight at 4°C. Afterward, slices were washed with PBS (five times for 10 min) and then incubated in 0.7 mg/ml 0.1 M PBS-diaminobenzidine (Serva Electrophoresis) at room temperature in the dark. After 25 Figure 2 . Chloride is extruded quickly via ClC-2. A, Experimental protocol. A first GABA puff elicited a baseline chloride current; thereafter, V m was depolarized to Ϫ15 mV for 6 s. At 3 s into the voltage step, [Cl Ϫ ] i was increased by a second GABA puff. V m was then stepped back to resting membrane potential, and a third GABA application evoked a test current. Seven trials of GABA puffs with increasing delays between load and test pulse were performed. B, Sample traces for WT (top) and KO (bottom) show a much slower return to steady-state conditions in the KO. Note that currents during depolarization are omitted for clarity. C, Average return to steady state. Charges were normalized to the absolute sum of the baseline and first evoked trial. min preincubation, 0.03% H 2 O 2 was added, resulting in a brown reaction product. Slices were again washed (five times for 10 min in PBS and one time for 10 min in dH 2 O), and embedded in Mowiol 4 -88 mounting medium (Roth).
Data analysis. All data were analyzed using Clampfit 10.2 (Molecular Devices), Prism 5 (GraphPadSoftware),andMatlab (MathWorks). mEPSCs, sIPSCs, and mIPSCs were analyzed offline with customized software using a threshold of 5 pA (mEPSCs) and 15 pA (mIPSCs/sIPSCs). Data are presented as means Ϯ SEM. Differences between groups were tested using the Student's t test (when normally distributed), the MannWhitney test (when not normally distributed), or the KolmogorovSmirnov (K-S) test, as indicated. p values are reported in the text, and significance was set as p Ͻ 0.05. For the Kolmogorov-Smirnov test, the significance level was 0.01. In figures, *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001. n represents the number of cells examined. For minianalysis, histograms were derived from 150 -200 events per cell. Averaged cumulative distributions were calculated from normalized histograms. Because the K-S test is only appropriate for testing data against a continuous distribution, 25 events were randomly chosen from each cell, and a continuous cumulative probability functions was calculated from these events.
Results

CA1 neurons show ClC-2-mediated currents
We first characterized the properties of the hyperpolarizationactivated chloride current in CA1 pyramidal neurons. ClC-2 currents were isolated by blocking potassium and sodium conductances. The currents obtained showed the characteristic slow activation at negative membrane potentials and a pronounced inward rectification. Wash in of 50 M ZD7288 had no effect on the slowly developing inward current, excluding the possibility that the obtained currents are mediated by I h [wild type (WT), 556 Ϯ 50 pA; ZD7288, 595 Ϯ 44 pA; n ϭ 9, p Ͻ 0.05, t test] (Fig.  1 A) . When heterologously expressed in Xenopus oocytes, ClC-2 is activated by acidic extracellular pH (Jordt and Jentsch, 1997) and, in contrast to non-CLC chloride channels, has a lower permeability for iodide than for chloride ).
Both of these properties are conserved in the currents obtained from CA1 pyramidal cells. Lowering the extracellular pH from 7.2 to 6.5 increased ClC-2 currents by 64% (pH 7.2, 783 Ϯ 132 pA; pH 6.5, 1285 Ϯ 115 pA; n ϭ 7, p Ͻ 0.05, t test) (Fig. 1 B) . Substituting the extracellular anion chloride with iodide reduced ClC-2 currents to 33% (Cl Ϫ , 812 Ϯ 146 pA; I Ϫ , 269 Ϯ 78 pA; n ϭ 8, p Ͻ 0.05, t test) (Fig.  1C) . In the absence of specific ClC-2 antagonists, we recorded from CA1 neurons of ClC-2 KO (Clcn2 Ϫ /Ϫ ) animals. Under the same conditions, we did not observe a voltage-gated chloride current (KO, 11 Ϯ 2 pA; n ϭ 23) (Fig. 1 D, E) . These data clearly show that the observed chloride conductance is mediated by ClC-2 and allowed us to use Clcn2 Ϫ /Ϫ animals to study the function of ClC-2 in neurons.
Does ClC-2 assist chloride extrusion?
One of the proposed functions of ClC-2 is a role in rapid extrusion of chloride after GABA A receptor activation (Smith et al., 1995; Staley et al., 1996) . ClC-2 is an inwardly rectifying chloride conductance ) that activates at membrane potentials more negative than E Cl , so that chloride can flow out but not in through ClC-2 (Staley, 1994; Smith et al., 1995) . Because the conductance of ClC-2 is large and does not display time-dependent inactivation, it is well suited to stabilize E Cl near resting membrane potential (Staley et al., 1996) .
To test whether chloride is extruded via ClC-2 under conditions of high [Cl Ϫ ] i , we measured outward chloride transport by transiently elevating [Cl Ϫ ] i and monitoring as it returned to baseline (Brumback and Staley, 2008) . Briefly, the cell was clamped to resting membrane potential using a low chloride intracellular solution. After recording an outward baseline response by pressure applying GABA to the dendrite, the cell was depolarized to Ϫ15 mV for 6 s. During this depolarization, another GABA application caused a large chloride influx, thereby increasing [Cl Ϫ ] i in the small compartment of the dendrite. To measure chloride transport, we stepped the membrane voltage back to resting membrane potential and pressure applied GABA. Shortly after loading, when [Cl Ϫ ] i is high, the test currents showed a strong chloride efflux (inward current), indicating the successful loading of the cell. We repeated this seven times with increasing delays between the loading and test application (illustration of experimental protocol shown in Fig. 2 A) . GABAevoked currents returned more slowly toward baseline in Clcn2 Ϫ /Ϫ animals compared with WT (Clcn2 ϩ/ϩ ) ( Fig. 2 B, C) . To quantify the time course of chloride extrusion, charges of GABA-evoked currents were normalized to the absolute sum of the baseline and the first test pulse. Fitting the time courses with a monoexponential function show a significant difference in the decay kinetics (WT, ϭ 1.8 s, n ϭ 13; KO, ϭ 2.9 s, n ϭ 11; p Ͻ 0.0001, Mann-Whitney test) (Fig. 2C) Benardo, 1995). If ClC-2 quickly extrudes chloride, chloride should accumulate more strongly in cells lacking ClC-2 after synaptic activation of GABA A receptors, leading to a greater reduction of IPSC amplitudes (Fig. 2 D-F ) . We tested this by synaptically evoking IPSCs at 0.5, 1, 2, and 5 Hz, while cells were clamped at Ϫ70 mV with a low chloride internal solution. Indeed, at 0.5 and 1 Hz, IPSC amplitudes were significantly decreased in KO animals (0.5 Hz: WT, 29.8 Ϯ 4.7%, n ϭ 11; KO, 41.1 Ϯ 2.1%, n ϭ 14, p Ͻ 0.05; 1 Hz: WT, 35.5 Ϯ 3.9%, n ϭ 15; KO, 49.8 Ϯ 2.8%, n ϭ 14, p Ͻ 0.01, t test) (Fig. 2 D-F ) . At higher frequencies, we did not observe significant differences between WT and KO (2 Hz: WT, 42.4 Ϯ 3.5%, n ϭ 14; KO, 48.9 Ϯ 4.3%, n ϭ 15, p Ͼ 0.05; 5 Hz: WT, 58.1 Ϯ 4.0%, n ϭ 8; KO, 57.5 Ϯ 4.9%, n ϭ 9, p Ͼ 0.05, t test), consistent with the idea that the reduction of presynaptic release is the main cause for the depression at higher frequencies (Ling and Benardo, 1995) . These experiments demonstrate that ClC-2 accelerates chloride extrusion if the cell is strongly loaded with chloride.
ClC-2-mediated currents are not seen at early postnatal ages
In the early stages of development, E Cl is positive relative to the resting membrane potential and GABA acts as an excitatory neurotransmitter (Obata et al., 1978) . In hippocampal pyramidal cells, GABAergic responses undergo a switch from excitatory to inhibitory during the first postnatal week (Stein et al., 2004 ). This process is primarily mediated by the differential upregulation and downregulation of the cationchloride cotransporters KCC2 and NKCC1 (Na-K-2Cl cotransporter). To investigate whether ClC-2 is functional during this period, we recorded chloride currents at P1, P5, P8, P10, and P15 from WT CA1 pyramidal cells (Fig. 3 A, B) . Functional ClC-2 expression could only be observed from P8 onward. At P10, it reached levels indistinguishable from later time points (P1, 4 Ϯ 3 pA, n ϭ 13; P5, 3 Ϯ 2 pA, n ϭ 20; P8, 60 Ϯ 14 pA, n ϭ 18; P10, 797 Ϯ 76 pA, n ϭ 21; P15, 648 Ϯ 74 pA, n ϭ 33, ANOVA). This functional expression profile parallels the switch from high to low intracellular chloride (Stein et al., 2004) , compatible with the idea of providing an efflux pathway for chloride that assists chloride extrusion.
ClC-2 constitutes a substantial part of the background conductance Because ClC-2 is active at resting membrane potential, it could contribute to the background conductance and affect the membrane resistance (Madison et al., 1986) . This would directly influence the excitability of the neuron. In current-clamp recordings (Fig. 4 A) , we observed a strong increase in membrane resistance in KO animals (WT, 160 Ϯ 10 M⍀, n ϭ 17; KO, 286 Ϯ 15 M⍀, n ϭ 16; p Ͻ 0.0001, t test) (Fig. 4 B) . In addition, the voltage difference between resting membrane potential and action potential threshold was significantly decreased in Clcn2 Ϫ /Ϫ animals (WT, 27.7 Ϯ 1.3 mV, n ϭ 17; KO, 20.1 Ϯ 1.0 mV, n ϭ 16; p Ͻ 0.0001, t test). In turn, the same current injected elicited more action potentials (Fig. 4 A, B) . In contrast to the potassium leak conductance, loss of ClC-2 did not significantly alter the resting membrane potential (WT, Ϫ77.8 Ϯ 1.0 mV, n ϭ 17; KO, Ϫ75.4 Ϯ 1.1 mV, n ϭ 16; p Ͼ 0.05, t test), possibly because E Cl is close to resting membrane potential (Tyzio et al., 2008) . Furthermore, the sag ratio (WT, 0.7 Ϯ 0.1, n ϭ 17; KO, 0.8 Ϯ 0.1, n ϭ 16; p Ͼ 0.05, t test) were not different between genotypes. These data clearly show that ClC-2 constitutes a significant part of the background conductance. The loss of ClC-2 leads to an increase of the input resistance, thereby increasing the excitability of the neuron.
Network gain is reduced in fEPSP recordings
The strong effects on input resistance should lead to a higher excitability of the hippocampal network and possibly seizures. In contrast, epilepsy or higher seizure susceptibility has not been observed in Clcn2 Ϫ /Ϫ mice Nehrke et al., 2002; Blanz et al., 2007) . One possible explanation is a reduction of synaptic transmission, which would compensate for the increased excitability of the postsynaptic neuron. Therefore, we tested basal synaptic transmission with extracellular field recordings, because these do not affect [Cl Ϫ ] i . In addition, extracellular recordings are well suited to determine the network properties, because the signals are sampled from many neurons, including interneurons. Here we compared the size of the presynaptic fiber volley (input) with the slope of the field EPSP (output) in stratum radiatum. Much to our surprise, the slope of the I/O curve (network gain) of synaptic transmission was strongly reduced in Clcn2 Ϫ /Ϫ animals ( Fig. 5 A, C) . In contrast, no difference between WT and KO was observed in the presence of PTX (Fig. 5 B, D) . These data suggest that loss of ClC-2 leads to a change in the inhibitory microcircuit of the CA1.
Excitatory synaptic transmission is not impaired in Clcn2
Ϫ/Ϫ animals To exclude changes in excitatory synaptic transmission as a cause for the reduced network gain, we studied basal synaptic transmission in more detail using whole-cell patch-clamp recordings. During these recordings, we noted that reduced membrane resistance resulted in significantly smaller holding current in KO cells than in WT cells (data not shown). First, we compared the AMPA receptor and NMDA receptor components of EPSCs (Fig. 6 A) . The AMPA/NMDA ratio was not altered (WT, 1.8 Ϯ 0.2, n ϭ 22; KO, 1.9 Ϯ 0.2, n ϭ 25; p Ͼ 0.05, Mann-Whitney test). Second, the PPR, a measure of changes in the probability of transmitter release, was unchanged (WT, 2.1 Ϯ 0.1, n ϭ 16; KO, 2.1 Ϯ 0.1, n ϭ 24; p Ͼ 0.05, Mann-Whitney test) (Fig. 6 B) . Additionally, we compared mEPSCs in Clcn2 ϩ/ϩ and Clcn2 Ϫ /Ϫ mice to exclude changes in synapse number and synaptic receptor density (Fig. 6C,D) . Neither mEPSC amplitude nor frequency was changed (mean mEPSC amplitude: WT, 18.5 Ϯ 1.3 pA, n ϭ 18; KO, 19.9 Ϯ 1.1 pA, n ϭ 18, p ϭ 1; mean mEPSC frequency: WT, 1.5 Ϯ 0.1 Hz, n ϭ 18; KO, 1.5 Ϯ 0.1 Hz, n ϭ 18, p ϭ 1, K-S test). Together, we did not observed any difference in basal excitatory synaptic transmission between WT and KO animals, excluding a change of excitatory synapse function in KO animals as a cause for the reduction in network gain.
GABAergic inhibition is increased in
Clcn2
Ϫ/Ϫ mice Because I/O curves did not differ between WT and KO in the presence of picrotoxin (Fig. 5D) , we studied inhibitory synaptic transmission in more detail. Inhibitory interneurons and pyramidal neurons form microcircuits in the hippocampus. Feedforward inhibition is provided by excitatory inputs that activate both pyramidal cells and inhibitory interneurons (see Fig. 8 B) . Sík et al. (2000) suggested by immunostaining that ClC-2 is expressed in a small subset of interneurons. Therefore, we tested whether interneurons show ClC-2-mediated currents. A typical ClC-2 current was detected in a subset of randomly selected interneurons (11 of 33 neurons; average current, 114 Ϯ 17 pA, n ϭ 11) morphologically identified by biocytin filling (Fig. 7A) . No ClC-2-mediated current was seen in 22 interneurons of Clcn2 Ϫ/Ϫ animals (data not shown). The large variety of interneuron types (Klausberger and Somogyi, 2008) precluded us from a more detailed analysis of interneuron membrane properties. However, if the increased GABAergic inhibition results from more excitable interneurons, evoking IPSCs should be easier in KO than in WT. I/O curves for IPSCs revealed that IPSCs were significantly increased over a range of stimulus intensities (Fig.  7 B, C) . Only at the highest stimulus intensity was this difference not significant, consistent with the idea that the upper limit of IPSC amplitude is reached when action potentials are evoked in all recruitable interneurons (0.05 A: WT, Ϫ12 Ϯ 3 pA, n ϭ 10; KO, Ϫ12 Ϯ 6 pA, n ϭ 9, p Ͼ 0.9; 0.1 A: WT, Ϫ97 Ϯ 20 pA, n ϭ 10; KO, Ϫ286 Ϯ 58 pA, n ϭ 9, p Ͻ 0.005; 0.02 A: WT, Ϫ416 Ϯ 77 pA, n ϭ 10; KO, Ϫ720 Ϯ 101 pA, n ϭ 9, p Ͻ 0.05; 0.3 A: WT, Ϫ694 Ϯ 95 pA, n ϭ 10; KO, Ϫ1024 Ϯ 124 pA, n ϭ 9, p Ͻ 0.05; 0.5 A: WT, Ϫ939 Ϯ 166 pA, n ϭ 8; KO, 1152 Ϯ 158 pA, n ϭ 7, p Ͼ 0.4, t test) (Fig. 7 B, C) . In addition, a higher excitability of inhibitory neurons should lead to an increased rate of action potential firing reflected in an increased fraction of action potentialdependent sIPSCs. If our idea is correct, the average sIPSC amplitude should be increased, because the amplitudes of action potential-dependent sIPSCs are bigger than the amplitudes of action potential-independent mIPSCs. To test this hypothesis, we measured action potential-dependent sIPSCs (Fig. 7E-G) . Indeed, the mean amplitude of these events was significantly increased (WT, 46 Ϯ 4 pA, n ϭ 24; KO, 65 Ϯ 5 pA, n ϭ 24; p Ͻ 0.001, K-S test) (Fig. 7F ) . The frequency of events was not changed (WT, 5.5 Ϯ 0.5 Hz, n ϭ 24; KO, 5.5 Ϯ 0.5 Hz, n ϭ 24; p ϭ 1, K-S test) (Fig. 7G) . To exclude changes in the number of postsynaptic receptors and number of synapses, we recorded mIPSCs (Fig. 7H-J ) . We did not detect any difference in mIPSC amplitude (Fig. 7I ) and mIPSC frequency (Fig. 7J ) between the two genotypes (amplitude: WT, 57 Ϯ 3 pA, n ϭ 22; KO, 58 Ϯ 2 pA, n ϭ 23, p ϭ 1; frequency: WT, 5.6 Ϯ 0.4 Hz, n ϭ 22; KO, 4.9 Ϯ 0.4 Hz, n ϭ 23, p ϭ 1, K-S test) . In addition, we recorded the PPR of two evoked IPSCs to exclude changes in presynaptic release. We did not detect a difference in PPR between WT and KO, demonstrating that presynaptic release was not affected by the loss of ClC-2 (WT, 1.0 Ϯ 0.1, n ϭ 12; KO, 1.0 Ϯ 0.1, n ϭ 12; p Ͼ 0.4, Mann-Whitney test) (Fig. 7D) .
Together, the I/O curve of evoked IPSC and the increase in sIPSC amplitude indicate that more excitable interneurons are the cause for the increased inhibition. In addition, we can exclude increased presynaptic release.
I/O function is changed in
Clcn2
Ϫ/Ϫ mice To further study this idea of increased inhibition, we examined the I/O characteristic of CA1 pyramidal cells. We use the term neuronal I/O function to refer to the relationship between the excitatory input to a neuron and the probability it will generate an AP (Daoudal and Debanne, 2003; Marder and Buonomano, 2003; Staff and Spruston, 2003) . The I/O curve of a neuron, generally represented as a sigmoidal function, is characterized by two components: the threshold and the gain. Here, we define the I/O threshold as the EPSP slope that elicits a spike 50% of the time. The gain refers to the slope of the I/O function (Carvalho and Buonomano, 2009 ). Carvalho and Buonomano (2009) recently described a model predicting that threshold and gain of the I/O function can be independently controlled by changes in excitatory and/or inhibitory synaptic inputs. More specifically, increased excitation shifts the threshold of the I/O function to the left, whereas increased inhibition shifts the threshold to the right and additionally decreases gain of the I/O function. We recorded EPSPs at various stimulus intensities and plotted the probability of generating an AP against the slope of the EPSP (Fig. 8C) . Typical traces at stimulus intensities around the threshold are presented in Figure 8 A. If our idea of increased inhibition in KO mice is correct, we should see only a small difference in the I/O function of WT and KO in the absence of bicuculline, a GABA A receptor antagonist, but a stronger difference between WT and KO in the presence of bicuculline. Indeed, in the absence of bicuculline, the threshold between KO and WT was not significantly different. In the presence of bicuculline, the I/O function for KO neurons shifted significantly more to the left, reflecting a change in threshold (⌬WT, 2.2 Ϯ 0.1, n ϭ 16; ⌬KO, 2.8 Ϯ 0.1, n ϭ 16; p Ͻ 0.05) (Fig. 8D,E) . Compatible with the prediction by the model, the slope was also increased more in KO than in WT cells (⌬WT, 0.6 Ϯ 0.1, n ϭ 16; ⌬KO, 0.8 Ϯ 0.1, n ϭ 16; p Ͻ 0.05) (Fig. 8A,C,E) . These data clearly indicate that inhibition is strongly increased in Clcn2 Ϫ /Ϫ animals.
Discussion
Our data clearly prove that ClC-2 mediates a previously described chloride conductance (Chesnoy-Marchais, 1983; Madison et al., 1986; Smith et al., 1995) in CA1 pyramidal cells and a subset of interneurons. In addition to the absence of this conductance in Clcn2 Ϫ /Ϫ neurons, we observed the same biophysical properties Figure 6 . Excitatory synaptic transmission is not altered in Clcn2 Ϫ/Ϫ mice. A, Ratio of AMPA to NMDA currents is not altered. Sample traces are shown at the left. AMPA currents were recorded at Ϫ70 mV, and NMDA currents were determined at ϩ40 mV, 70 ms after the stimulus. B, PPR, a measure for presynaptic release, shows no difference between WT and KO. Sample traces are shown on the left. Stimulus artifacts have been omitted for clarity. Calibration is the same in A and B. C, Sample traces for mEPSC recordings for WT (left) and KO (right). D, Cumulative frequency distribution of mEPSC amplitudes ( p ϭ 1, Kolmogorov-Smirnov test; n ϭ 18 for WT; n ϭ 18 for KO). E, Cumulative frequency distribution of mEPSC frequencies ( p ϭ 1, Kolmogorov-Smirnov test; n ϭ 18 for WT; n ϭ 18 for KO). Error bars represent SEM in all graphs.
described in heterologous expression systems such as activation by acidic pH (Jordt and Jentsch, 1997 ) and a higher permeability for chloride than for iodide .
We used KO mice to test whether ClC-2 is involved in chloride extrusion and whether the loss of ClC-2 leads to a higher excitability. We directly demonstrated that the voltage-gated chloride channel ClC-2 helps to quickly extrude chloride from neurons after chloride accumulation. More importantly, we revealed that ClC-2 contributes substantially to the background conductance, which has a strong effect on neuronal excitability by changing the input resistance. Surprisingly, fEPSP I/O curves are reduced in Clcn2 Ϫ /Ϫ mice. Our data demonstrate that this reduction is caused by an increased activity of a subset of GABAergic interneurons, which thereby decrease activity of excitatory pyramidal cells. This inhibition increase might balance over excitability and thereby prevent seizures in Clcn2 Ϫ/Ϫ mice. CumulativefrequencydistributionofsIPSCamplitudes( pϽ0.001, nϭ24forWT; nϭ24forKO) .Inset shows mean amplitude. G, Cumulative frequency distribution of sIPSC frequencies ( p ϭ 1, Kolmogorov-Smirnov test; n ϭ 18 for WT; n ϭ 18 for KO). Inset shows mean frequency. H, Sample traces for mIPSC recordingsforWT(left)andKO(right).I,CumulativefrequencydistributionofmIPSCamplitudes( pϭ1, nϭ22forWT; nϭ23forKO) .Insetshowsmeanamplitude.J,Cumulative frequency distribution of mIPSC frequencies ( p ϭ 1, Kolmogorov-Smirnov test; n ϭ 22 for WT; n ϭ 23 for KO). Inset shows mean frequency. Error bars represent SEM in all graphs.
Chloride extrusion
The inhibitory effect of GABA depends on the intracellular chloride concentration, which can be changed by several transporters that couple the movement of chloride across the membrane to that of potassium, sodium, or bicarbonate. The resulting chloride gradient, which is mainly established by NKCC1 and KCC2, determines the response of a particular neuron to GABA. Importantly, however, an inhibitory outcome does not require the chloride reversal potential to be more negative than the resting membrane potential, because a major component of inhibition is mediated by shunting (Bartos et al., 2007) . It has been proposed that ClC-2 plays a role in chloride homeostasis (Staley, 1994; Staley et al., 1996; Mladinić et al., 1999; Ben-Ari, 2002) ; however, the extrusion of chloride was thus far only indirectly shown. Here we provide direct evidence that ClC-2 mediates an efflux pathway for chloride in CA1 neurons, which normally have a low [Cl Ϫ ] i . After strongly loading neurons with chloride, by pressure applying GABA during depolarization, [Cl Ϫ ] i returned to initial values more slowly in KO than in WT animals. In addition, we analyzed whether repetitive synaptic activation of GABA A receptors leads to a stronger chloride accumulation in KO animals. At frequencies of 0.5 and 1 Hz, evoked IPSCs were more depressed in KO than WT animals, indicating a stronger chloride accumulation. These data clearly emphasize that ClC-2 is involved in chloride homeostasis. However, the complex nature of the interplay of chloride reversal potential, shunting inhibition, and action potential threshold makes it difficult to predict whether the loss of chloride extrusion via ClC-2 results in a substantial loss of GABAergic inhibition. The effect on chloride extrusion might be more relevant under conditions of high neuronal activity, and the loss of ClC-2 might thereby increase the susceptibility to seizures.
Remarkably, typical ClC-2 currents were not seen during the first postnatal week in CA1 pyramidal cells. This functional expression profile parallels the switch from high to low intracellular chloride (Stein et al., 2004) , compatible with the idea of providing an efflux pathway for chloride, which assists chloride homeostasis.
ClC-2 contributes to the background conductance Background (or leak) conductances are important in determining membrane resting potential and input resistance, both key components of neuronal excitability. Some of the leak conductance is mediated by the family of two pore potassium channels, which are voltage insensitive, but tightly regulated by cyclic nucleotides, noradrenaline, serotonin, pH, and GABA (for review, see Goldstein et al., 2001; Honoré, 2007) . Mouse models suggest that some of these channels are involved in neurological diseases such as epilepsy and depression (Honoré, 2007) . Although two pore potassium channels are primarily voltage independent, ClC-2 opening depends on hyperpolarized membrane potentials; however, because ClC-2 closes only very slowly with depolarization, it practically does not close during the brief depolarization of an AP. Thus, the remarkable effect on membrane resistance further indicates that ClC-2 is conductive at resting conditions similar to other channels contributing to the background conductance.
Although the information on the subcellular localization of ClC-2 is limited, Sík et al. (2000) localized ClC-2 to perinuclear regions and apical dendrites in CA1 neurons. This localization is complementary with our data, demonstrating that ClC-2 contributes strongly to the leak conductance, more specifically the input resistance, thereby affecting neuronal excitability; however, because the chloride reversal potential is close to the resting membrane potential (Tyzio et al., 2008) , the loss of ClC-2 does not affect the resting membrane potential. It is tempting to speculate that modulating ClC-2 by neuronal activity changing extracellular pH or the activity of PKC could regulate neuronal excitability. 
Increased inhibition Surprisingly, the network gain is reduced in Clcn2
Ϫ /Ϫ mice. Generally, a decrease in fEPSP I/O curves reflects a change in excitatory synaptic transmission. However, when we repeated the fEPSP recordings in the presence of picrotoxin blocking GABAergic inhibition, we did not observe any difference between the two genotypes. Because AMPA/NMDA ratios, paired-pulse facilitation, and mEPSCs could not account for this reduction, we excluded a change in excitatory synaptic transmission. The fEPSP I/O curves recorded in the presence of picrotoxin suggested a change in GABAergic inhibition. A subset of interneurons showed ClC-2-mediated currents; however, the large variety of interneuron subtypes did not allow for a specific characterization of membrane properties of these neurons. We showed that evoked IPSCs are bigger in Clcn2 Ϫ /Ϫ animals over a range of stimulus intensities. In addition, the increase in the amplitude of action potential-dependent sIPSCs further supports the idea of more excitable interneurons. We did not find a change in the frequency of sIPSCs, as one could have expected, but, because only a subset of interneurons expresses ClC-2, a change in sIPSC frequency might not be detectable. Because mIPSC amplitude and frequency, as well as PPR, of evoked IPSCs were not altered, we can exclude a change in number of postsynaptic GABA A receptors, inhibitory synapse number, and probability of release as cause for the increased inhibition.
In a final set of recordings, we revealed that the I/O function of the neuron is not altered in Clcn2 Ϫ/Ϫ mice compared with Clcn2 ϩ/ϩ mice. In contrast, in the presence of bicuculline, the threshold of neurons of Clcn2 Ϫ/Ϫ mice was shifted more to the left and had a bigger gain than in Clcn2 ϩ/ϩ mice. Together, these experiments confirm that the loss of ClC-2 leads to an increase in neuronal inhibition in KO animals.
ClC-2 and epilepsy
Whether mutations in ClC-2 cause epilepsy or not has been controversial. Over the past years, several mutations in the gene encoding for ClC-2 have been described (Stogmann et al., 2006; Everett et al., 2007; Combi et al., 2009; Saint-Martin et al., 2009 ); however, the study by Haug et al. (2009) , which established the link between mutations in CLCN2 and epilepsy, has recently been retracted. Moreover, mutations found in humans do not lead to drastic changes in biophysical properties of ClC-2 (Blanz et al., 2007) , as one might expect for a single disease-causing gene. In contrast, the complete loss of ClC-2 in mice did not lead to higher seizure susceptibility Blanz et al., 2007) . In addition, as discussed above, it is difficult to predict whether the loss of chloride extrusion via ClC-2 results in a substantial loss of GABAergic inhibition under prolonged paroxysmal conditions that could lead to hyperexcitability. Therefore, the loss of ClC-2 might increase the susceptibility of seizures by impairing inhibition. Moreover, we cannot exclude that mutated ClC-2 proteins are trafficked differently or the interactions with other proteins are disturbed affecting the function of ClC-2.
Summary and outlook
This work revealed an important role of ClC-2 in neuronal excitability. ClC-2 is not only expressed in pyramidal neurons but also in a subset of inhibitory interneurons. The loss of ClC-2 in interneurons increases inhibition mediated by a higher excitability of a subpopulation of interneurons. The increased inhibition might balance hyperexcitability of the network, thereby preventing epilepsy in ClC-2 knock-out mice. Together, we suggest that ClC-2 in neurons regulates excitability via the membrane resistance and provides an additional efflux pathway for chloride. The effects on membrane resistance pose the question whether ClC-2 is regulated by neuronal activity, for example, by changing extracellular pH or PKC activity, thereby regulating neuronal excitability.
